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Honorable Commissioner of Patents and Trademarks 

Washington, D.C. 20231 
Sir: 

I, DR. WERNER LESSLAUER, a citizen and resident of Basle, 
Switzerland, declare as follows: 

I am the declarant of the Declaration [I] filed together with 
this Declaration. 

From 1987 until the present, I have been employed in the 
biology departments of the Central Research Unit and the Central 
Nervous System Research Department of F.Hoffmann-La Roche Ltd, 
Basel, Switzerland [Roche] where my present position is that of 
Scientific Expert, responsible for directing and leading various 
research groups in protein, cell and molecular biology. 



Part of my duties at Roche has involved methods and 
procedures for protein purification and testing carried out with 



such proteins which include the TNF-a receptor protein as well as 
fusion proteins containing the TNF-a receptor protein. 

I am one of the co-inventors of the invention disclosed in 
the captioned application which claims a soluble TNF-a 
receptor/IgG fusion protein and I have been involved and familiar 
with the preparation and testing of said fusion protein. 

As seen from Evans et al . , Journal of Experimental Medicine, 
Rockefeller University Press, Vol. 180, December 1994, pp. 2173- 
2179 which is attached herein as Exhibit A, there are two distinct 
TNF-a receptor proteins, i.e., a 75 kDa protein and a 55 kDa 
protein which cell membrane receptor proteins have soluble or 
extracellular portions in addition to transmembrane and 
intracellular portions. 

The captioned application claims a fusion protein formed by 
the fusion of the soluble or extracellular portion of the TNF-a 
receptor and parts of the IgG heavy chains as well as claims 
those specific fusion proteins where the TNF-a receptor in the 
fusion protein constitutes the extracellular or soluble portion of 
either the 55 kDa protein or the 75 kDa protein. 

This Declaration is submitted to demonstrate: 

a) that the claimed TNF-a receptor IgG fusion protein 
[TNFR/IgG] has superior activity which cannot be 



predicted from the activity 
itself or from the CD4/IgG 
Capon et al . , Vol. 337, p 
that : 



of the TNF receptor protein 
fusion protein disclosed by 
525, February 9, 1984 in 



1) the TNFR/IgG has far superior binding affinity for 
its ligand in relation to the binding affinity of 
the respective soluble receptor and 

2) the TNFR/IgG has far superior activity in 
neutralizing TNF cytotoxicity than the soluble 
receptors themselves; and 



b) that the claimed 55 kDa soluble TNF-ct receptor/IgG 
fusion protein [55 TNFR/IgG] has far superior properties 
when compared to the 75 kDa soluble TNF-a receptor/IgG 
fusion protein [75 TNFR/IgG] . 

Fusion Protein Has Snp pn'nr 
Properties Over The Rp» r e p rr>r Prnt . pi - n 



To demonstrate that the soluble portion of 55 TNFR/IgG fusion 
protein has far superior properties than the soluble 55 TNF 
receptor protein, the following reference in addition to Evans of 
Exhibit A is attached and made Exhibit B : 

Loetscher et al., Journal of Biological Chemistry, No. 27, 
pp. 18324, September 25, 1991 [Loetscher]. 



To demonstrate that the soluble portion of TNF 
receptor/fusion protein has superior properties which could .not be 
predicted from the CD4/IgG fusion protein, the following reference 
is attached as Exhibit C: 

Capon et al . , Nature, Vol. 337, February 9, 1989, p. 525 
[Capon] . 

I am one of the co-authors of the Loetscher article and the 
Evans article and am familiar and have participated in the 
preparation and testing of the soluble TNF-oc receptors and its IgG 
fusion proteins as reported in these articles. 

Loetscher and Evans [Exhibits A and B] disclose the 
recombinant soluble form of the human 55 TNF receptor protein, 
which has an apparent molecular weight of about 28 kDa as well as 
recombinant expression and purification from cell culture 
supernatants of the IgG fusion proteins formed with each of the 
soluble portion of the 75 TNF receptor being called TNFR-a and the 
soluble portion of the 55 kDa portion being called TNFR-G . 

Fig. 2 of Loetscher [Exhibit B] sets forth the dissociation 
constants [K d ] of the recombinant extracellular 55 TNFR protein 
and the 55 kDa TNFR/ IgG fusion protein with TNF-a and TNF-fl 
ligands . 



The dissociation constant, K d represents the interaction of 
the receptor protein with its ligands, with the reciprocal of the 
K<-} being the equilibrium constant. 



The equilibrium constant represents the association of a receptor 
protein and its ligand. The greater the equilibrium constant the 
greater the amount of such binding which occurs under given 
conditions . 



In view of the fact that the equilibrium constant is the 
reciprocal of the dissociation constant K d , the lower the 
dissociation constant, the higher the equilibrium constant and the 
greater the affinity of the receptor to bind its ligand. 

In Fig. 2 of Loetscher, the K d values for the 55 TNFR/IgG 
fusion protein and the 55 TNFR protein with their ligands TNF-oc 
and TNF-fl were determined by the Scatchard analysis which is the 
standard method for determining K d . 



As seen from the bottom six graphs in Fig. 2 of Loetscher, 
the results of the K d s are as follows: 



Licranri 
TNF-ff TNF-fl 



55 TNFR (Bacuiovirus) 

55 TNFR 

55 TNFR/IgG 



0.38 nM 
0.34 nM 
0.10 nM 



0.52 nM 
1 . 60 nM 
0.12 nM 



) 
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As seen from the results in this Table, the 55 TNFR/IgG 
fusion protein has at least a 3-fold smaller K^, and therefore at 
least three times greater binding affinity than the corresponding 
soluble TNFR protein. 

In Fig. 5 of Loetscher [Exhibit B] , the dose-dependent 
inhibition of TNF cytotoxicity by the 55 TNFR/IgG fusion protein 
and the soluble 55 TNFR receptor protein is demonstrated utilizing 
the cytotoxic agents TNF -a [graph A] and TNF-B [graph B] . 

As stated in Loetscher [Exhibit B] , in reviewing the results 
of their test which demonstrates that the TNFR-B/IgG fusion 
protein, referred to by Loetscher as rsTNFRB-hy3, was markedly more 
effective than the soluble 55 TNF receptor protein, which 
Loetscher refers to as rsTNFRB (p. 18327): 

"As expected from the binding studies, rsTNFRB-hy3 very 
efficiently inhibited TNF activity; at a concentration of 0.1 
pmol/ml, i.e., equimolar to the TNFOt concentration used in 
the assay, rsTNFRfl-hy3 prevented TNFCX-induced cytolysis very 
efficiently (Fig. 5A) . rsTNFRB also had inhibitory activity 
but a concentration about 100-fold in excess of TNFa was 
needed for complete inhibition. TNFB-induced cytotoxicity 
was also inhibited by the fusion protein, albeit not at 
equimolar concentrations. The protective effects of rsTNFRB 
in these cytotoxicity assays were only evident at rather high 
concentrations (Fig. 5B)." 

As shown in Fig. 5, the protection of cells from the 
cytotoxic activity of TNF-oc and TNF-B with the 55 TNF/IgG receptor 
fusion protein at a given dose level was much greater when 



compared to the survival level of these cells protected by the 
extracellular domain of the 55 TNF receptor protein. 

Fig. 5 in Capon compares the inhibition of infection of' cells 
through the use of recombinant soluble CD 4 [rCD4] to inhibition 
afforded by the CD4/lgG fusion proteins which Capon refers to as 
the CD4 immunoadhesins and Capon concludes in the statement on p . 
529, right bottom of Exhibit C that 

"Both the CD4 immunoadhesins blocked cell killing with the 
same potency as soluble rCD4, without inhibiting cell 
proliferation..." 

Furthermore, the dissociation constant K d for the interaction of 
two distinct CD4/IgG molecules with their ligand gp 120 was 
indistinguishable from that of soluble CD4, demonstrating that the 
CD4/IgG fusion proteins exhibit no greater inhibition of infection 
from that obtained by the soluble CD4 protein and that the 
affinity of the soluble CD4 protein and the soluble CD4/IgG fusion 
protein for its ligands are the same. 

Super i or Properties of the 55 kn* m^ ion Prot-^n 

Evans [Exhibit A] compares the ability of the 55 TNFR-IgG and 
75 TNFR/IgG fusion proteins to protect against death in a murine 
model of gram negative sepsis with the results of this study with 
regard to the 75 fusion protein being set forth in Fig. 1 and 3 
and the results with regard to the 55 fusion protein being set 
forth in Fig. 5 and 6. 



In Fig. 1 and 3 of Evans, the dose of the 75 TNF/IgG protein 
given is 250 ^g while the dose of the 55 TNF/IgG protein in Fig. 5 
is far lower, i.e., 50 [ig and in Fig. 6 is 200 |ig per animal. 

Comparing the results in Fig. 1 with those in Fig. 5 at 30 
hours, approximately 60% of the mice treated with a 50 \lg dose of 
55 TNF/IgG survived whereas only about 40% of the mice treated 
with 75 TNFR/IgG survived even though a higher dose of 250 p.g was 
utilized . 

More importantly as seen by the results of Fig. 6 of Evans, when 
the dose of the 55 TNFR/IgG fusion protein is increased to 200 |_ig, 
50 |i.g less than the dose of the 75 TNFR/IgG fusion protein in 
Fig. 1 and Fig. 3, over 80% survival was obtained after about 70 
hours as compared to 30% (Fig. 1) or even 10% (Fig. 3) survival 
during this period with a higher dose of 75 TNFR/IgG (Fig. 1 and 
3 . of Evans) . 

Conclus iop 

1. As seen from the above results, the soluble 55 TNF-a 
receptor IgG fusion protein has superior binding activity to its 
ligands than that of the soluble 55 TNF-a receptor itself. 

2. As seen from the above results, the soluble 55 TNFR/IgG 



fusion protein has superior activity in neutralizing TNF 
cytotoxicity than the soluble receptor protein. 

3. The ability of the soluble TNF-a receptor/IgG fusion 
protein to demonstrate superior binding activity to its ligand and 
superior neutralization of TNF cytotoxicity than the receptor 
protein itself makes this fusion protein a far superior 
pharmacological agent in combatting TNF challenges to the system 
than the soluble receptor protein from which the fusion protein is 
formed . 

4 . That the far superior pharmacological activity of the 55 
TNF-a receptor/IgG fusion protein over the soluble 55 TNF-a 
receptor protein cannot be predicted from a comparable activity of 
IgG fusion proteins with other receptor proteins since as seen 
from the above results, the IgG fusion protein formed with the 
soluble portion of CD4 does not demonstrate such superior 
pharmacological activity when compared with the soluble CD4 
protein itself. 

5. That the foregoing results demonstrate that the 55 kDa 
soluble TNF-a receptor/IgG fusion protein has far greater 
pharmacological activity than the corresponding 75 kDa soluble 
TN-F-a receptor IgG fusion protein in the animal model for gram 
negative sepsis. 

I hereby declare that ail statements made herein of my own 



n . 10 - m 



knowledge are true and that all statements made on information and 
belief are believed to be true; and further that these statements 
were made with the knowledge that willful false statements and the 
like so made are punishable by fine or imprisonment, or both, 
under Section 1001 of Title 18 of the United States Code and that 
such willful false statements may jeopardize the validity of the 
application or any patent issued thereon. 



Date 




Werner Lesslauer 
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Protective Effect of 55- but not 75-kD Soluble Tumor 
Necrosis Factor Receptor-Immunoglobulin G Fusion 
Proteins in an Animal Model of Gram-negative Sepsis 
By T. J. Evans,* D. Moyes,* A. Carpenter,* R. Martin,* 
H. Loetscher,* W. Lesslauer,* and J. Cohen* 

From the 'Department of Infectious Diseases and Bacteriology, Royal Postgraduate Medical 
School, Undon W12 ONN, UK; and *F. Hoffman-U Roche AC 
CH4002 Basel, Switzerland 

Summary 

L^ 1 /™ ° f ! hiS " Udy w » ^pare the ability of both a 55- and 75-kD soluble tumor necrosis 
factor receptor immunoglobulin G fusion protein (sTNFR-IgG) in protecting against de«h n 
a murine model of gram-negative sepsis Pretreatment with 250 ig of the pTs'onstru t E»£ 

76.4 ng ml m control mice to 4.7 ng ml - « in the treated group (p <0.05. two-sample t test) 

comTed' 2? i° W 'J*** ^ *» ^ P 75 P»«u™,eV,nu2 

compared with the controls and were sufficient to mediate delayed death. In contrast pretreatmen 
with 00 M g of the P 55 sTNFR-IgG gave excellent protect against 
neutralization °f circulating TNF. Studies of the binding of TNF-or with the soluble TNFR 
fusion proteins showed that the P 75 fusion construct exchanges bound TNF-a about 50-100- 
foU faster than the p55 fusion protein. Thus, although both furion proteins in ecu.librium bmd 

IS 7s fi b8h affiDity> J N L F ? P5S P r0tdn « kineticaJly more stable 

than the P 75 fusion construct, which thus acts as a TNF carrier. The persistent release of TNF-a 
from the p75 fusion construct limits its therapeutic effect in this model of se F 

T>spite significant advances in antibiotic treatment and don (14). It has also been proposed that the 
■L-S intensive care management over the last 20 yr, the mor- may facilitate TNF <v hinAiL ,„ ,1 « ' , • ", 

ttJ^&S&Si ^^^^^^ 

o^StSSS^^^'l^l^f cle>vageof t heextraceUulardomainsoftherece P ;ors(19,20) 
7S c^r£ t iV !^ n (5) - Th « e S ° Iuble rece P tors retain tfaeir high affinity binding for 

( P 75) and a 55-kD ^55 ZZ <^ %T T ' c Thar P roductlon dunn g "P* may thus be a natural mecha- 

i ' P l } ( i • , TheSC have SI K nificanc nism to attenuate TNF-a action (17, 21) 
JoSlvlrfS?,™ ! heir n T Cel,Ular d °" linS - tUt dife A nUmbcr 0f «8«« h - «*« developed to neutralize 

bind L c p55 SS?TV FT* r P 1 iH 1 nUmbCr ° f animal m0deU ° f «P^mental s„s l5 and are 

the use fof ? a «,„?« P l emon "" ted b X currently undergoing clinical trials (22, 23). Solu 

1=X bvlhe u r CCPt0r t ntlb ° d c ,CS J f'. 11 )' ™ d ™ re «ep«a (sTNFR) 1 « an attractive mean of act 
recently by the use of mice with specific deletion of the p55 
receptor gene (12, 13). The role of the P 75 receptor is less 

well defined, but does include effects distinct from those of 

. the p55 receptor, such as stimulating thymocyte prolifera- 



sepsis. 

p~5 receptor 



TNF 



in this paper sTNFR-IgG, soluble TNF 
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TNF action. They have high affinity binding not only for 
TNF-a, but also TNF-/3, a form of TNF produced by acti- 
vated T cells, which may be of importance in gram-positive 
infections with toxin-producing organisms (17, 21, 24). By 
the use of recombinant DNA technology, fusion proteins have 
been produced in which the soluble part of the TNFR is 
linked to a human IgG heavy chain constant region to form 
dimen through the intermolecular disulfide bridges joining 
normal IgG heavy chains. These dimeric fusion proteins are 
able to bind to the TNF trimer in two separate sites, thus 
binding with higher affinity than the natural soluble receptors 
(17, 21). In addition, the presence of the IgG heavy region 
confers a longer serum half-life for the fusion protein com- 
pared with the soluble receptor alone, with values in excess 
of 20 h (25, 26). 

sTNFR or sTNFR-IgG fusion proteins have been tested 
in a number of different animal models of sepsis. In baboons 
challenged with live Fyherichta colt, treatment with the p55 
TNFR was able to improve some of the hemodynamic ab- 
normalities after bacterial challenge, with a suggestion of im- 
proved survival in treated animals, although the number of 
animals used was too small to demonstrate this conclusively 
(27). A p55 sTNFR-IgG fusion protein was able to protect 
against death in mice after challenge with LPS (26, 28). How- 
ever, after intraperitoneal infection in mice, a p55 fusion pro- 
tein was not able to improve survival, in common with other 
TNF neutralizing drugs in this particular model (29, 30). 
p75 fusion proteins have been tested in endotoxemia models 
of sepsis, where they have been shown to be protective against 
death in mice injected with LPS (21). However, in one case 
the fusion protein was shown to function as a carrier for 
TNF-a, although this did not seem to result in any delete- 
rious effects (21). To better understand which TNFR-IgG 
fusion protein might be more effective in the therapy of se- 
vere sepsis, we have tested the ability of both a p75 and a 
p55 fusion protein to protect against death in a model of sepsis 
in mice, using intravenous infection with live E. colt. We find 
that the p55, but not the p75, TNFR-IgG fusion protein 
was able to provide significant protection against death in 
this animal model of sepsis. 

Materials and Methods 

Animak CD1 mice were used for all experiments and were 
obtained from Charles Riven (Margate, UK). Animals weighing 
between 28 and 32 g were used for all experiments 

Materiak The sTNFR-IgGl p75 fusion protein was kindly sup- 
plied by the Immunex Corporation (Seattle, WA). The sTNFR- 
IgC-3 p55. sTNFR-IgG3 p75. and sTNFR-IgGl p55 fusion protein 
have been reported previously (17, 26, 28). The mAb to murine 
TNF-a (TN3) was kindly provided by Celltech (Slough. UK). Gen- 
tamicin was from Roussel Laboratories (Uxbridge, UK). All other 
materials were from Sigma (Poole, UK). 

Bacteria. The bacterial strain used in all experiments was £ 
coli OH1.B4 (kindly provided by Dr. Ben Appelmelk. Vnje Univer- 
siteit. Amsterdam, The Netherlands). For use in animal experi- 
ments a single bacterial colony wis inoculated into No. 2 broth 
(Oxoid, Basingstoke, UK) and grown for 5.25 h at 37°C. Bacteria 
were then harvested by centrifugation at 3,000 $ for 15 min. washed 
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£T.T tCr ? ^ * in sterile pyrogen- 

a7Jm! f ? P™™ aUh ™°*J«™ for this organism. 
Antmal Model ofSepsu. This was performed as described (23) 
Briefly an.mals were moculated with an LD« of £ coli by the o I 
vein; the inoculum was 3 x 10» CFU per animal. All animals re- 
ceived gentarmcin injections intravenously at a dose of 1 mo- k - 1 
at 2 and 5 h after infection, and on each subsequent day a farther 
two i.v. doses at 1 mg kg"'. Treatment with the p 75 and p55 
sTNFR-IgG fusion proteins was given 30 min before infection by 
i.v. injection; control animak were given either saline or an equiva- 
lent dose of human IgG. No difference in survival was seen in mice 
injected with either of these control treatments. Endotoxin levels 
of these protein solutions were <50 pg of endotoxin injected per 
animal. Mortality was recorded at regular intervals up to 72 h after 
infection; no mortality was observed after this time in the remaining 
animals. Blood for cytokine determinations was obtained from the 
cut tail tip at various rimes after infection. After dotting serum 
was stored at -20°C until assayed. 

Cytokine Determinations. TNF-a was measured by bioassay using 
actmomycin-sensitized L929 cells as described (31). Typically the 
lower limit of sensitivity for this assay was ~1 pg ml" 1 Serum 
samples were diluted 267-fold for assay, giving a detection limit 
tn serum of ~267 pg ml" 1 . 

LPS Assay. Endotoxin concentrations were obtained by Limulus 
amebocyte lysate assay using a kit according to the manufacturer's 
instructions (Chromogenix, M5lndal, Sweden) 

Statistical [ Analysis. Survival curves were compared by the log 
rank test. Final survival percentages were compared by the two- 
sample t test. Differences in cytokine levels were compared at a 
given time point by the two-sample f test. A result was considered 
statistically significant if o <0.05. 

Dissociation of TNF-a from sTNFR-lgC Fusion Proteins. These 
experiments were performed with the p55 sTNFR-I K G3 n55 
sTNFR-IgGl, and P 75 $TNFR-IgG3 constructs reported previously 
(17 26). 7.5 „g of the sTNFR-IgG fusion protein was incubated 
with 2.5 Mg TNF-a containing 50 ng ,s I-TNF-a (~3 x 10 4 cpm 
jodinated according to [32]) in PBS for 20 min on ice. Unbound 
I-TNF-a was separated on a Superose 12 column (Pharmacia 
Dubendorf, Switzerland) equilibrated in PBS. The IB I-TNF- 
a-sTNFR-IgG complexes were collected in a volume of 750 pi and 
treated with a 50-fold excess of unlabeled TNF-a at room temper- 
ature (23°C). 60-pl aliquots were withdrawn at different times and 
added to 10 /jtl packed protein G-Sepharose beads (Pharmacia) sus- 
pended in 40 Ml PBS containing 2% FCS. After 4 min incubation 
with agitation, the beads were separated by nitrating the sample 
through a 0.22-pm filter (MC filtration unit; Millipore. Guyan- 
court, France). The radioactivity in the nitrate and on the filter 
was measured in a gamma-counter. The time required for quan- 
titative precipitation of the fusion proteins with che protein 
G-Sepharose beads (4 min) was added to the overall incubation time. 

Results 

Effect ofp75 sTNFR-IgCl Fusion Protein on Survival. Groups 
of mice were pretreated either with 250 fig of the p75 sTNFR- 
IgGl fusion protein or an equivalent volume of saline 30 min 
before an LD W i.v. injection of E. coli. Survival in these two 
groups of animals is shown in Fig. 1. Control animals show 
a steady decrease in survival, starting at 5 h after infection, 
with a final survival percentage of 11%. The p75 sTNFR- 
IgGl-created animals initially were protected against death. 




Figure 1 . Survival of mice following i.v. infection precreated with 250 
Mg of the P 75 sTNFR-IgGl fusion protein (« - 20) 30 min before infec- 
tion, or with saline (^octroi, n - 18). 



with no deaths recorded until 20 h after infection. However, 
thereafter the mice began to die at the same rate as the con- 
trol animals, with a final survival percentage of 30% in the 
p75 sTNFR-IgGl-treated group (Fig. 1). The overall differ- 
ence in the survival curves between the two groups of mice 
was statistically significant (p <0.05; log rank test), although 
the difference between the final survival percentages of 19% 
was not significant (95% confidence interval ± 22%). This 
delay in the death of infected mice produced by the p7S 
sTNFR-IgGl protein, but with no final protective effect, was 
highly reproducible, with identical results obtained on two 
separate occasions. In addition, the same delayed death in p75 
sTNFR-IgG-treated animals was obtained compared with con- 
trol animals which received 250 fig of human IgG. No sig- 
nificant protective effects were seen using lower doses of p75 
sTNFR-IgGl fusion protein (data not shown). 

TNF-a Levels after Infection in p75 sTNFR-IgGl-treated 
Ammak In this model of sepsis, serum TNF-or levels after 
infection show a peak at 90 min after bacterial inoculation 




Figure 2. Bioactive serum TNF-a levels after i.v. infection in the animals 
from the experiment of Kg. 1. Each point is the mean value of sera from 
three mice. Error bars are ± 1 SEM. The dotted line indicates the lower 
limit of sensitivity of the cytotoxicity assay. 



w,th undetectable levels of TNF-a at later time points (F 
2). The mice treated with the P 75 sTNFR-IgGl prot 
showed a ngnjant reduction in this peak level of bioact 
TNF-a from 76.4 ng ml"' « the control animals to 4 7 
ml-' tn the treated group (p <0.01, two-sample f te 
However, in contrast to the control animals, bioactive TNF 
levels in the p75 sTNFR-IgGl-treated mice persisted at t 
low level for the next 24 h, only becoming undetectable 
30 h after infection (Fig. 2). 

Role of TNF-a in the Delayed Death of the p75 sTNFR-la< 
Animak We wished to determine whether TNF-a v 
responsible for the delayed death of the p75 $TNF 
IgGl-treated mice after bacterial infection, as shown in F 
1. To answer this question, we set out to determine whet! 
a neutralizing antibody to TNF-a with known effect in ti 
model (23) could prevent the delayed death in the p75 sTNF: 
IgGl-treated animals. Four groups of 10 mice were all simi 
taneously infected with an LD« of E. coli as before. Ea 
group received a different treatment. Control-treated anim. 
showed a progressive drop in survival, with a final survh 
percentage of 10% (Kg. 3, crease). Mice receiving p75 sTNF} 
IgGl as before showed a delay in death, but with no fii 
difference in outcome compared with the control group (E 
3, open circles). The remaining two groups of mice receiv 
a neutralizing antibody to TNF-a (TN3) at 4 h after infc 
tion (arrow in Fig. 3). When given on its own at this tir, 
after infection, this antibody is unable to protect mice fro 
death (Fig. 3, filled squares), as we have previously shown (21 
However, when TN3 was administered at this time in animr 
that had already received 250 fig of the p75 sTNFR-IgC 
fusion protein 30 min before infection, the anti-TNF-a ant 
body produced significant protection against death (Fig. 
open squares; p <0.05, log rank test). The low levels of bi 
active TNF-a that persist in the circulation of the p75 sTNFI 
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Figure' 3. Survival curves of mice after i.v. infection with different ere; 
ment regimens. Control animals received saline at 30 min before infe 
tion. p75 sTNFR-treated animals received 250 Mg of the p75 sTNFR-IgC 
fusion protein at 30 min before infection. Control plus TN3 animals r 
ceived the control injection as well as 1 mg of TN3 antibody at 4 h aft 
infection (arrow). p75 sTNFR plus TN3 animals received 250 Mg of t ; 
p75 sTNFR-IgGl fusion protein at 30 min before infection as well as 
mg of the TN3 at 4 h after infection. Each group consisted of 10 mic 
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IgGl-created animals are thus responsible for their delayed 
death. 

The reduction in mortality produced by the administra- 
tion of the TN3 in the p75 sTNFR-IgGl-treated mice is as- 
sociated with a reduction in the bioactive TNF-a levels (Fig. 
4). Animals receiving pretreatment with p75 sTNFR-IgGl 
still have measurable bioactive TNF-a levels of 2.2 ng ml" 1 
(SEM 0.67) at 24 h after infection, compared with levels of 
0.32 ng ml" 1 (SEM 0.32) in the mice receiving both the p75 
and the TN3 (p <0.05, two-sample t test). 

Effect of a Double Dose of the p7S sTNFR-lgCl Fusion Pro- 
tein on Mortality. One possible explanation for the lack of 
efficacy of the p75 sTNFR-IgGl fusion protein in protecting 
against death is that an insufficient amount of the reagent 
was given. To address this question, we treated a group of 
mice with two doses of the p75 fusion protein: 250 fig was 
given 30 min before infection as before, and a further 250 
jig dose was given at 4 h after bacterial inoculation. There 
was no difference in the survival of these mice receiving two 
doses of the p75 sTNFR-IgGl protein compared with con- 
trol animals that were infected but that did not receive the 
fusion protein (data not shown). The animals receiving the 
double dose of the p75 sTNFR-IgGl protein still showed the 
low but persistent levels of bioactive TNF-a in the circula- 
tion, as seen with mice receiving a single dose (data not 
shown). 

Effect ofpSS sTNFR-lgCl Fusion Protein on Survival. The 
effects of the p55 sTNFR-IgGl fusion protein on survival 
following i.v. infection of mice with E. coli was investigated 
in exacdy the same manner as with the p75 construct. Pretreat- 
ment of mice with 50 fig of the p55 sTNFR-IgGl protein 
30 min before bacterial infection gave a significant protec- 
tion from death compared with control untreated animals 
(Fig. 5; p < 0.05, log rank test). Animals treated with 200 
fig of the p55 sTNFR-IgGl fusion protein produced an en- 
hanced protective effect compared with the lower dose (Fig. 
6). The difference in survival between p55 sTNFR- 
IgGl-treated and control mice was highly significant (p < 
0.01, log rank test). 




Figure 4. Bioactive TNF-a serum levels in the animals from the ex- 
periment described in fig. 3. Each point is the mean value of sera from 
three mice determined in cytotoxicity assays. Error bars are - SEM. 
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Figure S. Survival curves of mice after i.v. infection treated with either 
saline (Control) or with 50 fig of the p55 sTNFR-IgGl fusion protein at 
30 mm before infection, n - 20 for each group. 



TNF-a Levels after p55 sTNFR-IgGl Treatment. The bio- 
active TNF-a levels in the serum of the mice in this experi- 
ment are shown in Fig. 7. At all time points after infection 
there was no detectable TNF-a in the serum of the p55 
sTNFR-IgGl-treated mice, compared with the sharp peak 
of TNF-a seen at 90 min after infection in the control animals. 

Direct Comparison of the pi 5 and p55 sTNFRIgC Fusion 
Proteins. To be certain that the observed differences between 
the p55 and p75 receptor constructs reflect a real difference 
in biological efficacy, we compared the ability of the two 
sTNFR-IgG reagents to protect against death directly within 
one experiment. A group of 30 mice was divided into three 
groups of 10 animals. One group received an i.v. injection 
of saline, another 250 fig of the p75 sTNFR-IgG, and the 
remaining group 200 fig of the p55 sTNFR-IgG. 30 min 
later, all animals were inoculated with an LD«o of £. coli. 
72-h survival in the three groups showed 2 out of 10 animals 
alive in the control group, 1 out of 10 alive in the p"5 sTNFR- 
IgG-treated group, and all 10 animals alive in the p55 sTNFR- 
IgG-treated group. 

Kinetics of TNF-a Binding to p55 and p75 sTNFR-I^C Fu- 
sion Proteins. To investigate differences in the biochemical 
TNF-a binding properties of p55 and p75 TNF -eceptor- 
derived fusion proteins, the rate of exchange of TNF-a in 




0 20 ^40 60 80 



salS (Control) or 200 Mg of the p55 sTNFR-IgGl fusion pro-.r.n at 30 
min before infection, n - IS for each group. 
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cpenment described in Fig. 6. 
Jch potnt is the mean value of 
n three mice determined 
cytotoxicity assays. Error ban 
e = 1 SEM. 



fusion prote.n-TNF-a complexes was determined (Fig. 8). 
PJItmJ V T U i fusi ° n pr0tems were complexed with 

TMF™ A t in J buff " COntainin S unla °<^ 
I Nf-a, and the time-dependent release of !2S I-TNF-a was 
measu ? d_These studies revealed that TNF-a complexed with 
he p/D sTNFR-IgG ^changed at a significantly higher rate 
I 1 uVv m? Tt Wkh the P 55 sTNF R"IgG, as shown 
by the half-lives of about 7 min for the p75 sTNFR-IgG- 
TNF-a comp ex and about 8 h for the p55 sTNFR-IgG- 
TNF-a complex (Fig. 8). g 

Discussion 

We have shown in the experiments described in this paper 
that there v a significant difference in the behavior of fhe 
P 75 and P 5: , sTNFR-IgGl fusion proteins in their ability to 
neutralize TNF-a and protect against death in a murine model 
oi gram-negatiye sepsis The p75 construct is able to attenuate 
the high peak levels of bioactive TNF-a produced after in- 
oculation of mice with E. coli, but thereafter these low levels 
of TNF-a persist m the circulation for many hours and mediate 
he late death of the mice. The P 55 construct, on the other 
hand, produces complete neutralization of serum TNF-a at 

a«i™TT l- infeCt i° n> and pr0V,dcs S° od Protection 
against death in this model of sepsis. The beneficial effect 




time, hrs 



™. s »j. „p<, ra „,i y . ( „ uU i dtmon „ t 7x„ p s; 

two reagents were compared direcrlv wirhin n 
. The delay in death produced ^Kj" 
sion prote m in the model uvA ;J,u 1N f K-IgOl hi 

was sufficient to p tdu«1 u^XsTT ^ 
ence between the survival curves 

of mice, although the final ^^^£wT? 
a«L^TNF-a fjels ^"tf Caiuly diff ^t™Fig' 1) Th e b a 

thereafter acts as a earner tor TNF-a, which persists in the 
orculaaon at low levels until 30 h after infecJn . c^ras 
to the very rapid disappearance of TNF-a in the control 
animals (fig. 2). This ability of the P 75 sTNFR-I gG 7 P ro 
cm to act as a carrier for TNF-a has been observed in mice 
after experimental endotoxemia (21) 
The release of bioactive TNF-a from the P 75 sTNFR-I ? Gl 

0 rat"" r bUC PW S Stent l£Vels ° f ^ cytokine upt 
30 h after infection B sufficient to produce the delayed death 
m hese animals. This is demonstrated by the ability of a neu 
whang mAb to TNF-a (TN3) administered 4 h after ^ 
fectior .to protect th e p75 sTNFR-IgGl-treated animals (Fig. 
3). When administered at this time point, the TN3 is ineffec 
tive at protecting against death on its own, presumably be- 
cause the peak of TNF-a has already passed (Fig. 4 control 
LTe TNF hC T N3 , andb0dy *° rCduC « *° -Glaring 
ITJn7r1£?1 C ° mpared Wlt f the miCe —4 the 

r j r hisi0a P rotein alone ( R g- 4). 

Why does the TNF-a carried by the p75 sTNFR-IgG fusion 
protein produce a deleterious effect ,n the model Sf™ 
negative sepsis described here, but is not harmful after endo- 
toxin challenge in mice (21)? There are several possible ex- 
plainer^ The TNF-a levels produced after bacterial challenge 
n the model used in our experiments are much higher. Mice 
l ^f(^Q ng ml- after baLnal in- 
fection Fig. 2) compared with the levels of ~0 5 n e ml- 
reported after endotoxin challenge in m.ce (21). In addition, 
i.v- challenge w,th live bacteria is a considerably more com- 
plex stimulus than LPS challenge alone. For example, the 
LPS-resisunt mouse strain C3H/HeJ is as susceptible to i v 
challenge with live E. coli as its parent strain. C3H/HeN 
^d« pi te an enormous difference in susceptibility after LPS chal' 
lenge (33). Finally, , n producing a lethal effect m animals 
TNF-a synergizes strongly with other cytokines such as 
IFN- 7 which are produced at high levels in the model of 
sepsis used in the experiments reported here (34 and data 
not shown). ' 

An important consideration in the experiments with the 
p75 sTNFR-IgG protein is that the results obtained mieht 
be dependent on the exact stoichiometrv of bindine of the 
p75 fusion protein with TNF-a. In vitro, the caHer func- 
tions of soluble TNFR have been demonstrated at low ratios 
of receptor to TNF; at higher soluble receptor concentra- 
tions, the neutralizing properties predominate (55). How- 
ever, the administration of a second identical dose of the p75 



A 



fusion prote.n at 4 h after infection in animals that had al- 
ready received 2>0 Mg 30 min before bacterial inoculation 

dl 7 d ™l™ p \ 0 ^ s T iVil In add,don - this double °f 

P 75 sTNFR-IgGl fusion protein did not alter substantially 
the prolonged presence of bioactive TNF-a in the serum of 
the infected animals This is in marked contrast to the effect 
of TN3 desenbed above and shows that prolonged presence 
ot bioacnve TNF-a in the serum of the p 75 sTNFR- 
IgGl-treated mice ts not due to inadequate dosing of the fu- 
sion protein. 

i n ™" t " st t0 the P 75 sTNFR-IgGl fusion protein, the 
poo sTNFR-IgGl protein provides good protection against 
death m this model of sepsis (Fig. 6). The protective effect 
is dependent on the dose of the administered p55 material. 
At 50 Mg per mouse, the protective effect was much more 
modest than that seen with a 200 ^g per animal dose (Figs 
3 and 6). With a dose of 200 fig of P 55 sTNFR-IgGl protein 
given 30 mm before infection, complete neutralization of cir- 
culating bioactive TNF-a was produced (Fig. 7) The 
specificity of the beneficial effect on survival of the p55 re- 
agent is shown by the lack of benefit seen in animals injected 
with either saline, human IgG, or the p75 sTNFR-IgG con- 
struct. 5 

Why should there be this difference between the p55 and 
p75 reagents? In many respects the p55 and p75 sTNFR-IgGl 
fusion proteins have similar properties. They both bind TNF-a 
)?, S °;""°"; WUi } Simihl hi « h "Hibrium binding constants 
(1/. 21). The elimination half-life of both reagents is very 



similar, in the order of 20 h (25, 26) Howr^r „ -i. 

t. j* cfc » s urssffS 1 

th " r dlffere nt kinetics of TNF-a bindine and rel«<7 fk 
P 75 sTNFR-IgG fusion prote.n binds and elea se TMF 
^ 100-fold faster than the p55 fusion protein ^ 
different binding kinetics of p55 and p75 sTNFR-f e G reflet 
inherent properties of the p55 and p75 TNFR mollies tto 
carry over into the fusion protein constructs (36, and Loetsch, 
H D. Belluoccio, and W. Lesslauer. unpublished data) Thu< 
although the P 75 fusion protein under equilibrium condi 
tions has the same affinity as the p55 construct, it is less k. 
neticaUy stable This has a profound influence on the parti 
wrung of TNF-a between fusion protein, natural solubL 
and membrane bound TNFR in blood, as reflected bv th, 
different TNF-a concentrations revealed in the cytotoxics 
assays. The difference in outcome of the p55 and p75 sTNFR 
IgGl treatments thus may be understood from the differen- 
binding kinetics of the two constructs. 

What are the therapeutic implications of these results : 
Results from animal models must be interpreted cautioush 
before extrapolation to human disease. However, the experi- 
ments desenbed here do demonstrate an important difference 
in the biological properties of the two sTNFR-IgG fusior 
proteins. The protective effects of the p55 construct com- 
pared with the p75 protein in the model of sepsis used ir. 
our experiments suggest that the p55 sTNFR-IgG will also 
be more likely to be effective in human disease. 
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The extracellular domain of the 55-kDa TNF recep- 
tor (rsTNFRtf) has been expressed as a secreted protein 
in baculovirus-infected insect cells and Chinese ham- 
ster ovary (CHO)/dhfr~ cells. A chimeric fusion protein 
<rsTNFR0-h73) constructed by inserting the extracel- 
lular part of the receptor in front of the hinge region 
of the human IgG C>3 chain has been expressed in 
mouse myeloma cells. The recombinant receptor pro- 
teins were purified from transfected cell culture super- 
natants by TNFa- or protein G affinity chromatogra- 
phy and gel filtration. In a solid phase binding assay 
rsTNFRjS was found to bind TNFa with high affinity 
comparable with the membrane- bound full-length 
receptor. The affinity for TNF0 was slightly impaired. 
However, the bivalent rsTNFR£-h>3 fusion protein 
bound both ligands with a significantly higher affinity 
than monovalent rsTNFR/S reflecting most likely an 
increased avidity of the bivalent construct. A molecu- 
lar mass of about 140 kDa for both rsTNFRtf • TNFa 
and rsTNFRtf TNF0 complexes was determined in an- 
alytical uitracentrifugation studies strongly suggest- 
ing a stoichiometry of three rsTNFRS molecules bound 
to one TNFa or TNF0 trimer. Sedimentation velocity 
and quasielastic light scattering measurements indi- 
cated an extended structure for rsTNFRjS and its TNFa 
and TNF0 complexes. Multiple receptor binding sites 
on TNFa trimers could also be demonstrated by a 
TNFa-induced agglutination of Latex beads coated 
with the rsTNFR0-h-y3 fusion protein. Both rsTNFRtf 
and rsTNFR£-h73 were found to inhibit binding of 
TNFa and TNF0 to native 55- and 75-kDa TNF recep- 
tors and to prevent TNFa and TNF/9 bioactivity in a 
cellular cytotoxicity assay. Concentrations of rs- 
TNFR£-h73 equimolar to TNFa were sufficient to neu- 
tralize TNF activity almost completely, whereas a 10- 
100-fold excess of rsTNFRtf was needed for similar 
inhibitory effects. In view of their potent TNF antag- 
onizing activity, recombinant soluble TNF receptor 
fragments might be useful as therapeutic agents in 
TNF-mediated disorders. 
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Tumor necrosis factor (TNF) 1 a and d are two closely 
related cytokines with about 30% sequence homology (1-3). 
Their genes are closely linked in the major histocompatibilitv 
complex of mammals (4). TNFa and TNFd are primarily 
produced by activated macrophages and lymphocytes, respec- 
tively (5, 6). Based on crystallographic (7, 8) and analytical 
centnfugation studies (9) both cytokines are believed to form 
tnmers. A wide variety of TNFa and TNFd activities in vitro 
has been described including growth enhancement of fibro- 
blasts (10), growth inhibition or lysis of some transformed 
cells (11), differentiation of human myeloid cell lines (12), 
and induction of the expression of cell surface molecules .( 13- 
15). In uivo TNFa induces hemorrhagic necrosis of certain 
transplantable tumors (16, 17), is involved in immune and 
inflammatory reactions (18-20), and mediates lethal effects 
in endotoxin-induced septic shock (21-23). 

We have identified two human TNF receptors of about 75- 
and 55-kDa apparent molecular masses (in the present paper 
called TNFRa and TNFR/J. respectively) bv chemical cross- 
linking with radiolabeled TNFa (24) and by binding of mono- 
clonal antibodies generated against isolates of the receptors 

(25) . Subsequently, both receptors have been purified from 
HL60 cells and partial amino acid sequences were determined 

(26) . More recently, the cDNAs of TNFRa and TNFRd were 
isolated by us (27, 28) and several other groups (29-34). The 
two receptors show similar cysteine-rich motifs in their extra- 
cellular domains and belong to a new cytokine receptor gene 
family which includes the nerve growth factor receptor. CD40 
and OX40 antigens (28, 35). 

Soluble fragments of both TNF receptors have been found 
to be present in human serum and urine (36-40). In certain 
disease states receptor shedding appears to be increased (40. 
41). Soluble TNF receptors have also been identified in-cell 
culture medium of some transformed cell lines (32. 42) and of 
stimulated polymorphonuclear leukocytes (43). In functional 
studies the natural TNF receptor fragments have been shown 
to protect cells from TNFa-induced cytotoxicity i. 56-39) and. 
in a recent report, to prevent TNFa-induced hemorrhagic 
necrosis of a transplanted Meth A sarcoma in BALB/c mice 
(40). The TNF-antagonizing effects of the soluble receptor 
fragments in vitro and in vivo imply a specific interaction 
with TNFa and TNF/3 which might be an important regula- 
tory mechanism of TNF action. 



' The abbreviations used are: TNF. tumor necrosis tacMr TN'FR,. 
75-kDa TNF receptor: TNFRd. 55-kDa TNF receptor rOTNFRj 
recombinant soluble TNFRxi; rsTNFRri-h->3 recomnmant <oiubie 
TNFRd-human IgG C-y3 fusion protein; PBS. phosphate -nutterec 
saline: SDS-PAGE. sodium dodecyl sulfate-poivacr\ :arr..ce trei eiei 
trophoresis: CHO. Chinese hamster ovary 
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* , In the present work a rec^'""""^ a nt soluble form of the 55- 
kDa TNT receptor irsTNFR , is produced in high yields in 
different eukaryotic expression systems. The rsTNFRd was 
also expressed as a human IgG C>3 fusion protein ( rsTNFRii- 
hy3) in myeloma cells. The recombinant receptor molecules 
were found to bind stoichiometrically to TNFa and TNFJ 
trimers and to neutralize TNF bioactivity in different assay 
systems. 

EXPERIMENTAL PROCEDURES 
Cell Lines and Reagents— The Spodoptera frugiperda (Sf9) cell line 
was obtained from American Type Culture Collection (ATCC CRL 
1711). The baculovirus Autographa California (AcNP virus) was ob- 
tained from M. Summers, Texas A & M University, the Chinese 
hamster ovary (CHO)/dhfr~ cell line from P. Familetti. Hoffmann- 
LaRoche Ltd., Nutley, NJ. and the WEHI164 (clone 2A3) cell line 
from J. R. Frey (51). The mouse myeloma cell line J558L was kindly 
provided by A. Traunecker, Basel Institute of Immunology. The 
expression vector used to construct the rsTNFRtf-h>3 fusion protein 
was modified from a CD4-immunoglobulin construct obtained from 
K. Karjaiainen and A. Traunecker (44). Recombinant human TNFa 
and TNFfl and mouse TNFa produced in Escherichia coli were kindly 
provided by W. Hunziker, H.J. Schoenfeld, and E. Hochuii (Hoff- 
mann-LaRoche Ltd..Basel). Radioiodination of TNFa and TOFfj was 
performed with Na'"I and Iodo-Gen (Pierce Chemical Co.) as de- 
scribed (25). For affinity column chromatography TNFa was coupled 
to CNBr-activated Sepharose 4B (Pharmacia LKB Biotechnology 
Inc.) according to the guidelines of the manufacturer. Protein G- 
Sepharose 4 Fast Flow was purchased from Pharmacia. Latex beads 
(polystyrene microspheres, 0.48 «m diameter) were originally ob- 
tained from Polysciences, Inc.. Warrington. PA and kindly provided 
by R. Spinnler and M. Caravatti (Hoffmann-LaRoche Ltd., Basel, 
Diagnostic Division). 

Construction of Vectors, Expression, and Purification— The cDNA 
encoding the extracellular domain of TNFRfl, including the signal 
peptide, was amplified by the polymerase chain reaction. Unique 
restriction sites were introduced at both ends of the fragment. In 
addition, a translations! stop codon was introduced behind the last 
amino acid of the extracellular domain (Thr*' M , numbering according 
to Ref. 27). The engineered fragment was cloned into an expression 
vector for mammalian cells. The plasmid contained the Rous sarcoma 
virus long terminal repeat and the 3' intron plus the polyadenylation 
site from the rat preproinsulin gene. The expression cassette was 
finally inserted into the PuuII restriction site of plasmid pSV2- 
DHFR. Transfected CHO/dhfr" cells were initially selected by the 
neomycin analogue G418 in a-medium containing 200 nmol/ml meth- 
otrexate. Thereafter, the concentration of methotrexate was sequen- 
tially increased by 2-5-fold increments up to 150 nmol/ml. For 
expression in the baculovirus system, homologous recombination was 
used to introduce the amplified cDNA fragment into the genome of 
the AcNP virus. Sf9 cells were grown at 27 X in EX-CELL 400 
medium (J. R. Scientific, Woodland, CA) containing 2% fetal bovine 
serum. Cell culture and viral infection were carried out as described 
(45). The recombinant viruses were purified by limited dilutions in 
microtiter plates followed by dot blot hybridization. The rsTNFRfl- 
h>3 fusion protein was constructed by exchanging the CD4 sequence 
in the pCD4-h>3-4 vector (44) with the TNFRfl extracellular domain 
sequence using Sit restriction sites. This procedure yielded a chimeric 
protein in which the TNFRS sequence was inserted in front of the 
hinge region of the human IgG Cy3 chain. J558L mouse mveloma 
ceils transfected with the rsTNFR0-h->.3 construct by protoplast 
fusion were cultured in DHI medium (Dulbecco's modified Eagle's 
medium/Ham's F-12/Iscove's modified Dulbecco's medium. 25/25/ 
50) supplemented with selenite (20 nM), ethanolamine (20 M M), 
insulin (5 Mg/ml), human transferrin (6 Mg/ml), Primatone RL (2 5 
mg/ml), Pluronic F68 (0.1 mg/ml), and 0-2% fetal calf serum (46) 
Expression of rsTNFRfl and rsTNFRtf-h>3 was analyzed by a sand- 
wich-type binding assay using radiolabeled or peroxidase-labeied 
TNFa and the non-neutralizing monoclonal antibody htr-20 (25). 

Cell-free supernatants of cell transfectant cultures containing 
rsTNFRtf or rsTNFR3-h73 were concentrated 5-10-fold bv ultrafil- 
tration (molecular mass cutoff of 10 kDa) and clarified bv centrifu- 
gation and filtration through a 0.45-nm filter. The clear filtrate was 
applied to a TNFa affinity column (Sf9 and CHO/dhfr superna- 
tants) or protein G affinity column (J558L supernatants)- Att P r 
extensive washing with phosphate-buffered saline ( PBS I the c. 



uted wit 



TV, 



1. P H _• 



r. The 



double st 



, , . , 1 P ro «'ns were concentrated and 

subjected to gel ti.v.ation chromatography on TSK3000SW or Super- 
ose 12 (Pharmacia) columns with PBS as solvent. The amount of 
protein was determined bv amino acid analysis or BCA assay < Pierce i 
Sodium dodecU sultate-pohacrylamide gel electrophoresis (SDS- 
B N S P" lormed as described (47) using the mini-gel system of 

Binding Assay and Scatchard Analysis— A 96-well microtiter plate 
coated with the TNFRj-specific non-neutralizing monoclonal anti- 
body htr-20 (25) was incubated with 10 ng/ml rsTNFRd or rsTNFRJ- 
hy3 in 1% defatted milk powder for 3 h at room temperature. Under 
these conditions only about 10% of the total' binding sites were 
occupied by the receptor protein as determined from a tiration curve 
( low density packing). In some experiments the antibodv-coated plate 
was incubated with 3 M g/ml soluble receptor to saturate all receptor 
binding sites (high or maximum density packing). After washing with 
PBS the wells were incubated with different concentrations of radi- 
olabeled TNFa or TNFfl (1-250 ng/ml) in the presence or absence of 
a 200-fold excess unlabeled ligand for 16 h at 4 *C. The radioactivity 
bound to single wells was directly counted in a y -counter. Nonspecific 
binding was subtracted. K, values were determined from Scatchard 
plots. 

Quasielastic Light Scattering and Ultracentnfugation Analysis— 
Quasielastic light scattering experiments were performed with the 
system ALV-300 (ALV Laservertriebsges m.b.H.. Langen. Germany) 
Samples of 300 ul were filtered through 0.2- tf m filters in closed 
cylindrical quartz cells. The protein concentration was 0.5-1 mg/ml. 
Correlation functions were analyzed with the program CONTIN (48) 
that yields a distribution of relaxations. Mean values for the diffusion 
coefficient D were calculated assuming either an extended, i.e. rod- 
like (0 moment of the observed distribution) or roughly spherical 
structure (3rd moment) of the particles. 

A Beckman Model E centrifuge with a AnD rotor and a 12-mm 
..ui _ _ Epon ceJ1 wag use<j for analytical centrifugation studies, 
i ne rotor was run at 56,000 rpm in the sedimentation velocity 
experiments and at 24,000 or 11.000 rpm in the sedimentation equi- 
librium experiments. All runs were performed at room temperature 
using aliquots of the solutions investigated by quasielastic light scat- 
tering. Relative mole masses were calculated from the observed sedi- 
mentation velocities by the Svedberg equation using the mean values 
of the diffusion coefficients as described above. The partial specific 
volume of rsTNFRS was assumed to be 0.68 ml/g taking into account 
30% glycosylation (w/w) (49). Alternatively, the molecular masses 
were also obtained from the sedimentation equilibrium runs by ana- 
lyzing the absorption as a function of the square radius i50i 

Competitive Inhibition of Ligand Binding to Satue TS'FRd and 
TNFRa Hobreceptors— 1-2 ng of native TNFRJ and TN'FRu purified 
from HL60 cells (26) were spotted to prewetted nitrocellulose mem- 
branes. After blocking with a solution of 1% defatted milk powder, 
the membrane was incubated with human radiolabeled TNFa or 
TNFS U pmol/ml) in the presence of different concentrations of 
rsTNFRd or rsTNFrW-h>3 for 2 h at room temperature The mem- 
brane was then thoroughly rinsed with PBS and counted in a -.- 

WEHI164 Cytotoxicity Assay— WEHI164 cells (clone 2A3. kindlv 
provided by J. R. Frey (51)1 were cultured in a microliter plate at 10' 
cells/well in a RPMI-based medium in the presence of human TNFa 
or TNFd and different concentrations of rsTNFRd or rsTNFRJ-h-,3 
for 48 hours at 37 *C. Cell viability was determined bv a dve uptake 
method as described earlier (9). 

Agglutination of Latex Beads— 5 mg of Latex beads washed with 
PBS, pH 5.0. buffer and H 2 0 were incubated with 250 u e of rsTNFRj- 
hy3 in 0.5 ml of PBS, pH 5.0. overnight at 4 X on a rotating wheel. 
The beads were then treated with a solution of 1% detailed milk 
powder to block any remaining binding sites and washed with PBS 
buffer. To induce agglutination the beads w 
mg/ml in PBS, pH 7.4. containing 0.1 mg/ml bovine s< 
and 0.1% NaNi. Human TNFa was added at different c 
and after overnight incubation at room temperature 
was analyzed in a light microscope at x 400 magi n neat 

RESULTS 

Expression. Purification, and Ligand Binaina 
rsTNFRd— SB insect cells infected with the i 
baculovirus secreted 5-10 ng/ml of soluble recec 



; . medium after 3-5 days in£^Y.- e . Transfected CHO/dhfr" 
cells produced up to 30 «... J ot the recombinant protein 
after amplification in the presence of increasing methotrexate 
concentrations. The TNFR/3-h 7 3 fusion protein was ex- 
pressed and secreted in mouse myeloma cells with a yield of 
about 0.5-1 Mg/ml. 

The recombinant soluble TNF receptors were purified by 
TNFa or protein G affinity chromatography and gel filtration. 
SDS-PAGE analysis revealed for the baculovirus expressed 
protein three to four discrete bands between 21 and 25 kDa. 
When virus-infected Sf9 cells were cultured in the presence 
of tunicamycin, however, a single protein species of 21 kDa 
was obtained (see Fig. 1) which also was the only TNFa- 
reacting band in a ligand blot experiment (not shown). N- 
terminal sequence analysis of the glycosylated baculovirus- 
produced material revealed a single sequence starting with 
Leu*' of the mature TNFRS (not shown). rsTNFRtf produced 
in CHO/dhfr cells yielded two bands migrating on SDS gels 
at around 28 and 32 kDa. Sequence analysis of this material 
confirmed the expected N terminus, but a second N-terminal 
sequence starting at Asp*" vcs also present in a roughly 1:1 
ratio. Interestingly, Asp* 12 has previously been found to be 
the N terminus of the naturally occurring TNFR0 fragment 
(36). The TNFR0-h73 fusion protein was expressed as a 
disulfide-linked homodimer indicating an antibody-like struc- 
ture of this molecule. As shown in Fig. 1 reduced samples of 
baculovirus- or CHO/dhfr'-derived rsTNFRtf migrated at a 
slightly lower rate on SDS gels. This is most likely due to the 
high content of cysteines in these proteins. A similar obser- 
vation has been made earlier with the native 55-kDa TNFRiS 
purified from HL60 cells (26). 

The soluble receptor fragments produced in either expres- 
sion system showed a high affinity for TNFa and a slightly 
lower affinity for TNFtf (see Fig. 2). The difference in the 
apparent /Q values of rsTNFRtf for TNFa and TNF/S was 
most prominent with the CHO/dhfr'-derived material. This 
finding is in contrast to the native cell surface-bound 55-kDa 
TNFR0, which has been shown to bind both TNFa and TKF0 
with about the same affinity, i.e. values of 326 and 351 pM 
™™ ,VCly (24 ' 52)K Intereat «igly, fully deglycosylated rs- 
TNFR0 as expressed in baculovirus-infected Sf9 cells in the 
presence of tunicamycin displayed similar binding character- 
istics as the glycosylated form (data not shown), confirming 
that the carbohydrate moieties are not essential for ligand 




J^T^kI SZZZr, " Id Scatchard analysis. Binding 

I¥^r. f,'- CHO/dhfr - produced raTNFR3 ««» 

rsllNrK#-h 7 3 fusion protein (triangles) was measured in a solid 
phaseassay under low density packing conditions (see "Experimental 

K Ure j l The ValUM Were d ™™^ from Scatchard analv t 
ot the binding curves as indicated. 

i. 24 ' 26 ^ The a PP a ""t affinity of the bivalent rs- 
INFR0-h 7 3 fusion protein for TNFa and TNFri was found 
* HO/rfr iflCantly highCr than thC aSGait y of baculovirus- or 



u ? 1 analyst, of purified raTNFIW and rs- 

TNFIW-h73. Purified rsTNFRtf and rsTNFR0.h>3 produced in 
different expression systems were separated by nonreducing and 
reducing SDS-PAGE and stained with Serva blue R. Expression 
systems: Bac.. baculovirus-infected insect Sf9 cells: Bac. + Tun.. bac- 
rZn™rur>Jl?f ""^ Ce " S tn the P««nce of tunicamvcin; 

r ?NFR? h t m ° USe myel ° ma Ce " S '"P ress ' n ? 



niiA ~• B "*" W, """J , "«s" c » uan tne amnity ot bac 
CHO/dhfr-derived monovalent rsTNFRj (Fig. 
teresting to note that IQ values determined in the solid phase 
assay under high receptor density conditions (see 'Experi- 
mental Procedures") were generally higher and did not show 
a marked difference in the apparent affinities between the 
fusion protein and rsTNFRtf (data not shown). It therefore 
appears that at maximum dense packing of the solid phase 
some interactions of receptor molecules leading to multiple 
valency and/or steric constrains cannot be excluded 

Stoichiometry of rsTNFRfi ■ TNFa and rsTNFRJ- TNFd 
Complexes-TsTNYRd purified from CHO/dhfr" cell culture 
medium was incubated with TNFa or TNFd at different 
receptor to ligand molar ratios and fractionated according to 
size by gel filtration chromatography. The chromatographic 
conditions chosen allowed to separate receptor-ligand com- 
plexes from free receptor and free ligand. As shown m Fig. 3. 
at an approximate 1:1 molar ratio neither free receptor nor 
free TNFa or TNFfl could be detected in the elution profiles 
indicating that under these conditions complete complex for- 
mation had occurred. Amino acid composition anaivsis of the 
separated complexes evaluated by a recently described com- 
puter program (53) confirmed the 1:1 stoicrnomet r% mot 
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shown). When the amouif-\ fNFa added was gradually 
increased, a transition of i/- i- ^'FRii TNTa complex toward 
a slightly lower molecular mass was observed in the elution 
profile (Fig. 3, left panel). In contrast, adding increasing 
amounts of TNFtf did not affect the elution behavior of the 
TNFR/3-TNFtf complex (Fig. 3, right panel). 

To obtain a more accurate molecular mass estimate of 
rsTNFRd and its complexes with TNFa and TNFd, quasie- 
lastic light scattering and analytical ultracentrifugation stud- 
ies were performed. The results are summarized in Table I. 
For rsTNFRd a monomeric structure with a molecular mass 
of 25 kDa was found by sedimentation equilibrium analysis. 
The theoretical molecular mass for rsTNFRtf in its unglyco- 
sylated form is 20,467. Analysis of rsTNFRtf complexed to 
TNFa or TNFd under conditions of complete complex for- 
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FIG. 3. Analysis of rsTNFRS and its TNFa and TNF/J com- 
plexes by gel filtration chromatography. 1 nmol of rsTNFRtf 
purified from CHO/dhfr" cells was mixed with 0.5, 1, 1.5. 2, 3. 4. and 
5 nmol of TNFa or TNF0 in 0.1 ml of PBS. (The amount of TNFa 
and TNF0 was calculated for the 17-kDa monomeric unit.) The 
mixtures with the various receptonligand (R:L) molar ratios were 
fractionated on a Superose 12 column (Pharmacia) in PBS. Numbers 
on top indicate the positions of molecular weight marker proteins 
(Bio-Rad). Left panel, TNFa complexes; right panel, TNF0 com- 
plexes. 



mation <set\ ' .i yielded for both complexes a molecular 
mass of abof _ b kDa. If a stoichiometry of three rsTNFRj 
molecules bound to one 49-kDa TNFa or 57-kDa TNFd 
tnmer (9) is assumed, theoretical molecular masses of 124 
and 132 kDa, respectively, are calculated which are in approx- 
imate agreement with the observed values. Sedimentation 
velocity analysis combined with quasielastic light scattering 
data confirmed the molecular masses observed in the equilib- 
rium runs and were, in addition, indicative for a rather ex- 
tended, i.e. rod-like structure of rsTNFRd and its TNFa and 
TNFd complexes. 1 

Inhibition of TNFa and TNFQ Binding by rsTNFRff and 
rs TN F R(3-hy3 — rsTNFRfl and rsTNFRjS-h.73 were tested for 
their ability to competitively inhibit binding of TNFa and 
TNFd to native TNFRa and TNFRd purified from HL60 
cells. In this assay native highly purified receptors were spot- 
ted onto nitrocellulose membranes and incubated with l25 I- 
TNFa or '"I-TNFfl in the presence of different concentra- 
tions of rsTNFRfl or rsTNFRd-h-r3. As shown in Fig. 4, A 
and C, binding of 125 I-TNFa to both TNF receptors was 
blocked by rsTNFRfl and rsTNFR0-h-y3 in a concentration- 
dependent manner. It is interesting to note that a roughly 
equimolar concentration of the fusion protein was sufficient 
to prevent TNFa binding almost completely. rsTNFRd was 
about 10-100 x less potent in inhibiting the binding. The 
binding of '"I-TNFd was also inhibited (Fig.4. B and D ), but 
higher concentrations of rsTNFRfl and rsTNFRd-h73 were 
needed to achieve inhibitory effects comparable to TNFa. 
The 10-15% residual binding seen with iodinated TNFd at 
high soluble receptor concentrations is due to nonspecific 
binding of radioactivity to the nitrocellulose filter. 

The inhibition of TNF cytotoxicity by rsTNFRd and rs- 
TNFR0-h73 was tested in a cellular cytotoxicity assay using 
the 2A3 subclone of the murine fibrosarcoma cell line 
WEHI164 (51).(As expected from the binding studies, rs- 
TNFR0-h73 very efficiently inhibited TNF activity: at a 
concentration of 0.1 pmol/ml, i.e. equimolar to the TNFa 
concentration used in the assay, rsTNFRd-h-»3 prevented 
TNFa-induced cytolysis very efficiently (Fig. 5A 1. rsTNFRd 
also had inhibitory activity but a concentration about 100- 
fold in excess of TNFa was needed for complete inhibition. 
TNFd-induced cytotoxicity was also inhibited by the fusion 
protein, albeit not at equimolar concentrations. The protec- 
tive effects of rsTNFR5 in these cytotoxicity assays were only 
evident at rather high concentrations (Fig. 5B.hr 

TNFa-induced Agglutination of rsTNFRJ-h~,3-coated Latex 
Beads— In view of the trimeric structure of TNFa and TNF J. 
each capable of binding three recombinant soluble receptor 
molecules, it is very likely that these cytokines aggregate TNF 
receptors on the cell surface into microclusters which may be 
a necessary step in signal transduction. To mimick cell sur- 



Table I 

Molecular mass determination of rsTNFRd and its complexes with TNFa and TNFS 



Molecular masses were determined in the analytical ultracentrifuge as described under "Experimental Proce- 
dures." In the sedimentation velocity analyses the molecular masses were calculated according to the Svedbers 
equation using diffusion coefficients D determined in quasielatic light scattering measurements. 





Molecular r 
Sedimentation 


nass (kDa) 

Sedimentation 




rsTNFRtf 


25 


20: 32 


Monomer 


rsTNFRtf-TNFa complex 


140 


115: 156 


[TNFRiJ] jTN'F.. 


rsTNFRtf ■ TNFd complex 


140 


102: 139 


[TNFRii]. (TNF..- 



"The 3rd and 0 moments of D were used in the calculation yielding molecular masses for a roughlv sphenu. 
(listed first) and an extended (listed secondl structure, respectively. 
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Fig. 4. Binding of '"I-TNFa and 12S I-TNF/J to native 
TNFR0 and TNFRa: inhibition by rsTNFRtf and raTNFRtf- 
hy3. Binding inhibition to native full-length TNFR0 and TNFRa 
purified from HL60 cells was measured in a dot blot assay as described 
under "Experimental Procedures." The concentration of radiolabeled 
ligand in the assay was 1 pmol/ml. Open circles, ligand binding in the 
presence of increasing concentrations of rsTNFRfl; closed circles, 
ligand binding In the presence of increasing concentrations of rs- 
TNFR0-h 7 3. (The concentration of the rsTNFRS-h->.3 homodimer 
was calculated for the 66-kDa monomer unit). A, m I-TNFct binding 
to TNFRfl; B, m I-TNFfl binding to TNFR0; C, 12S I-TNFa binding to 
TNFRa; D, '"I-TNFfl binding to TNFRa. 
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soluble receptor, pmol/ml 
Fig. 5. Inhibition of TNFa- and TNF0-induced cvtotoxicitv 
in WEH1164 cell*. WEHI164 cells were cultured in the presence of 
0.1 pmol/ml TNFa M) or TNFjS (B) and different concentrations of 
rsTNFR0 (open cireies) and rsTKFRfi-hyZAclosed circles). Cell via- 
bility was analyzed after 48 h at 37 - C. 

face-bound TNF receptors, Latex beads were coated with 
rsTNFR^-h73 fusion protein and subsequently exposed to 
different concentrations of TNFa. TNFa induced an oligo- 
merization of rsTNFRd-h-y3 as visualized by agglutination of 
the Latex beads (Fig. 6). A similar effect was seen with TNF/3, 
but agglutination was much less pronounced (results not 
shown). 

DISCUSSION 

In tras study TNF binding and inhibiting properties of the 
extracellular region of the human TNFRd were analyzed. The 
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FIG. 6. Agglutination of rsTNFRfl-h>3-coated Latex bead 

Latex beads (0.48 «m diameter) were coated with rsTNFRij-h73 ar. 
incubated at 1 mg/ml with different concentrations TNFa as ind 
cated. Agglutination of the beads was visualized in a light microscor 
at x 400 magnification. 

recombinant soluble receptors (rsTNFRjJ and rsTNFRfl-h-r 
fusion protein) expressed in different eukaryotic expressio 
systems displayed high affinity binding to human TNF 
similar to that of native cell surface-bound 55-kDa TNFrL 
In contrast, the binding affinity of rsTNFRj3 for TNFd wa 
significantly decreased when compared with the native ce 
surface receptor. A similar observation, i.e. impaired neutra 
ization of TNF/S versus TNFa, has also been made with a sc 
called TNF binding protein, which is a naturally occurrin 
soluble receptor derived from TNFRfl (33, 36, 39). It therefor 
appears that with respect to ligand binding properties, rs 
TNFR5 closely ressembles the natural TNF inhibitor. Th 
apparent lower affinity of rsTNFRfl (and also of the deter 
gent-solubilized holoreceptor (9)) for TNFd might reflect 
microenvironment of the ligand binding site which is slightl 
different from that of the cell surface-bound full-length TN 1 
receptor. It is noteworthy that with respect to monovalen 
rsTNFR/3 the rsTNFR0-h?3 fusion protein binds bothTNF 
and TNF/3 with a severalfold higher affinity when measure 
under appropriate assay conditions. This increase in affinit 
most probably reflects a higher avidity of the rsTNFRtf-hT 
construct due to its bivalency. Comparison of rsTNFRJ an 
the fusion protein to compete with native full-length TN: 
receptors for TNF binding and to protect WEHI 164 cell 
from TNF-induced cytotoxicity indeed confirmed the ex 
pected higher activity of the fusion protein. 

The results from the ultracentrifugation analyses indicat 
that rsTNFRjS is monomelic in solution. The complexes c 
rsTNFR/3 with TNFa or TNFd both had a molecular mass c 
about 140 kDa which favors a stoichiometrv of three rsTNFR 
monomers bound to one TNFa or TNFd tnmer. It has bee 
proposed that the receptor binding site on the TNFa trims 
is located at the boundary of two monomenc units near th 
base of the bell-shaped structure thus implying three potentu 
receptor binding sites (7, 54). Such a model is fully compatibi 
with the size of receptor-ligand complexes as determined 1 
the present study. It is interesting to note that an intermedial 
lower molecular weight form of the rsTNFRd TNFa comple 
can be partially resolved by gel filtration when a slight exces 
of TNFa over rsTNFR/3 is present. Most likely, this inter 
mediate form represents TNFa trimers complexed to onl 
one or two rsTNFRd molecules. Such intermediate forms ar 
not seen with rsTNFR/3 • TNFfl complexes. Whether thes 
distinct binding characteristics of TNFa and TNFd are als 
true for cell surface-bound receptors remains to be elucidatec 
The results of sedimentation velocity and quasielastic ligr 
scattering measurements indicate that rsTNFRj and it 
TNFa and TNFd complexes have a rather extended, i.e. roc 
like structure. This conclusion is supported by the relatn 
large apparent molecular masses of 62. 170. and 150 kDa fc 
rsTNFRA rsTNFRtf -TNFa and rsTNFRJ TNF j complexe 
respectively, determined by gel filtration chromatosraphv 
similar relatively large apparent molecular mass > "m kDai ru 
been found for the natural soluble TNFRj on <u\ns coiumr 
(42). 



Soluble fragments of bp— N Nrrt.i and TNFRa are found 
m vivo. They are present " )latively high concentrations in 
normal human serum a;< irine but can be drastically in- 
creased in certain disease states.-' The cellular source and the 
mechanism of receptor shedding remain unclear. It has been 
speculated that soluble TNF receptor fragments might panic- 857s 
ipate in the control of TNFa and/or TNFd toxicity by neu- 
tralization and rapid clearance of systemic TNFa and TNFi? 
(33, 36, 37, 39, 42). However, the fact that at least a 10-fold 
excess of the soluble receptor with respect to TNFa (and more 
than a 100-fold excess with respect to TNF/3) is needed to 
obtain a significant neutralization demonstrates that the neu- 
tralizing capacity of serum is restricted. The rsTNFR#-h.73 
construct as described in this study, therefore, is a promising 
TNF antagonizing agent for neutralization of systemic TNF 
toxicity in certain disease states. 
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Designing CD4 immunoadhesins for AIDS therapy 

I Daniel J. Capon, Steven M. Chamow*, Joyce Mordenti + , Scot A. Marsters, 
Timothy Gregory", Hiroaki Mitsuya f , Randal A. Byrn § , Catherine Lucas", 
Florian M. WurnT, Jerome E. Groopman 8 , Samuel Broder + & Douglas H. Smith 
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.4 newly-construaed antibody-like molecule containing the gpl20-binding domain of the receptor for human 
immunodeficiency virus blocks HIV- 1 infection of T cells and monocytes. Its long plasma half-life, other antibody-like 
properties, and potential to block all HIV isolates, make it a good candidate for therapeutic use. 



Despite the exquisite ability of the immune system to distin- 
guish between self and non-self, and to put forth an impressive 
diversity in its antigen-recognizing repertoire, it can still be 
outflanked by a rapidly changing pathogen. Human 
immunodeficiency virus type 1 ( HIV- 1) is an example of such 
a pathogen, and, as a result, its consequences are devastating. 
Every individual infected with the virus is expected to develop 
a serious or life-threatening illness 1 ; no protective state has been 
shown to be generated in natural infections. It has not yet been 
possible to generate a protective response by immunizing chim- 
panzees with gpl20, the HIV-1 envelope glycoprotein 2 ' 3 , or to 
confer passive immunity to chimpanzees using human IgG 4 . 
Even neutralizing antibodies made in experimental animals can 
block the infectivity of only a few HIV-1 isolates 3,5 . Thus, the 
prospects for eliciting protective immunity against HIV-1, or 
for using antibodies as therapeutic agents to control HIV-1 
disease are bleak. Anti-retroviral chemotherapy using dideoxy- 
nucleosides such as AZT does help some patients, but the 
toxicity is such that new strategies are needed 6 . 

We have therefore attempted to block HIV-1 infectivity with 
soluble derivatives of CD4, the receptor for HIV-1, with the 
rationale that the CD4-binding domain of gpl20 is the only part 
of gpl20 that the virus cannot afford to change 7 . CD4 is a 
cell-surface glycoprotein found mostly on a subset of mature 
peripheral T cells that recognize antigens presented by class II 
MHC molecules 89 . Antibodies to CD4 block HIV-1 infection 
ofTcells 10 " and human cells not susceptible to HIV-1 infection 
become so after transfection with a CD4 cDNA 12 . Gpl20 binds 
CD4 with high affinity (K D ~ 10~ 9 M), suggesting that it is this 
interaction which is crucial to the entry of virus into cells 13 . 
Indeed, we 7 and others 14 " 18 have shown that soluble rCD4, 
lacking the transmembrane and cytoplasmic sequences of CD4, 
can block HIV-1 infectivity, syncytium formation, and cell kill- 
ing by gpl20 (ref. 19). rCD4 blocks the infectivity of diverse 
HIV-1 isolates (R.B., J.G., H.M. and S.B., unpublished results). 



and in theory should block all. At best, however, soluble rCD4 
offers only a passive defence against the virus. 

Active immunity requires a molecule such as an antibody, 
which can specifically recognize a foreign antigen or pathogen 
and mobilize a defence mechanism. Antibodies comprise two 
functionally independent parts, a rather variable domain ( Fab I, 
which binds antigen, and an essentially constant domain (Fc). 
providing the link to effector functions such as complement or 
phagocytic cells. It is almost certainly the lack of an antigen- 
binding domain which can neutralize all varieties of virus that 
hampers the development of humoural immunity to HIV-1 We 
reasoned that the characteristics of CD4 would make it ideal as 
the binding site of an antibody against HIV-1. Such an antibody 
would bind and block all HIV-1 isolates, and no mutation the 
virus could make, without losing its capacity to infect CD4" 
cells specifically, would evade it. We therefore set out to con- 
struct such an antibody by fusing CD4 sequences to antibody 
domains. 

We had two major aims for our hybrid molecules; first, as 
pharmacokinetic studies in several species predict that the half- 
life of soluble CD4 will be short in humans (30-120 min; J.M., 
unpublished results) we wished to construct a molecule with a 
longer half-life; second, we wanted to incorporate functions 
such as Fc receptor binding, protein A binding, complement 
fixation and placental transfer, all of which reside in the Fc 
portion of IgG. The Fc portion of immunoglobulin has a long 
plasma half-life, like the whole molecule, whereas that of Fab 
is short, and we therefore expected to be able to fuse our 
short-lived CD4 molecule to Fc and generate a longer-lived CD4 
analogue. Because CD4 is itself pan of the immunoglobulin 
gene superfamily, we expected that it would probably fold in a 
way that is compatible with the folding of Fc. We have therefore 
produced a number of CD4-immunoglobulin hybrid molecules, 
using both the light and the heavy chains of immunoglob- 
ulin, and investigated their properties. We have named one 
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Fig. I Structure of cell surface CD4, human IgGl (-yl I, soluble 
rCD4, and CD4 immunoadhesins ( 2 y i and 4y\). The 
immunoglobulin-like domains of CD4 are numbered 1 to 4; TM 
and CYT refer to the transmembrane and cytoplasmic domains. 
Soluble rCD4 is truncated after proline 368" of the mature CD4 
polypeptide. This results in a secreted, soluble polypeptide with 
an affinity for gpl 20 similar to that of cell surface CD4 (ref. 7). 
The vertical division within IgGl indicates the junction of the 
variable (VH) and constant (CHI, hinge, CH2, and CH3) regions. 
Disulphide bonds formed within IgGl domains and the 
immunoglobulin-like domains of CD4 are indicated by (S-S). The 
positions of cysteine residues that form intermolecular disulphide 
bridges connecting the IgGl heavy-chain hinge to light and heavy 
chains are indicated by (S). CD4-derived and IgGl-derived 
domains of 2-yl and 4-yl are indicated by shaded and unshaded 
regions, respectively. The 2-yl and 4-yl immunoadhesins consist 
of residues 1 to 180 and residues 1 to 366 of the mature CD4 
polypeptide, respectively, fused to the first residue (serine 114) of 
the human IgGl heavy-chain constant region. 
Methods. For the expression of CD4 immunoadhesins, the sequen- 
ces of CD4 and human IgGl were fused by oligonucleotide- 
directed deletional mutagenesis after their insertion into a mam- 
malian expression vector used for soluble rCD4 expression 1 . A 
human IgGl heavy-chain cDNA, obtained from a human spleen 
cDNA library using probes based on the published sequence '* 7 , 
was inserted at a unique Xbal site found immediately 3' of the 
CD4 coding region in the same reading orientation as CD4. Syn- 
thetic 48-mer oligodeoxynucleotides, complementary to the 24 
nucleotides at the borders of the desired CD4 and IgGl fusion 
sites, were used as primers in the mutagenesis reactions using the 
plasmid described above as the template 48 . 



particularly interesting class of these CD4-immunoglobulin 
hybrids 'immunoadhesins', because they contain part of an 
adhesive molecule 20 linked to the immunoglobulin Fc effector 



Synthesis of CD4 immunoadhesins 

CD4 is an integral membrane protein with an extracellular region 
comprising four domains with homology to immunoglobulin 
variable domains 21 " (Fig. 1). Soluble CD4 derivatives consist- 
ing of this extracellular region bind gpl20 with the same affinity 
as cell-surface CD4 (ref. 7). CD4 variants containing only 
domains 1 and 2 also bind gpl20'" '", but the affinity of this 
interaction is not known. We constructed a series of hybrid 
molecules consisting of the first two or all four immunoglobulin- 
like domains of CD4 fused to the constant region of antibody 
heavy and light chains I Fig. 1). 

We investigated the synthesis and secretion of these hybrids 
using transient expression in a human embryonic kidney-derived 
cell line. As shown in Fig. 2. immunoglobulin light and heavv 



chains are efficiently expressed in these cells, and light chain is 
efficiently secreted, but heavy chain is not unless a light chain 
is coexpressed. Thus the rules governing immunoglobulin chain 
secretion in these cells are the same as those for plasma or other 
lymphoid cells 23 . We first constructed hybrids that fused CD4 
with the constant regions of murine k- or yl -chains. These 
hybrids contained either the first two or all four immuno- 
globulin-like domains of CD4, linked at a position chosen to 
mimic the spacing between disulphide-linked cysteines seen in 
i mmunoglobulins ( Fig. 1 ). As expected, the C D4- k hybrids were 
secreted well, whereas hybrids between CD4 and mouse yl- 
chain were expressed but not secreted unless a « -chain or a 
CD4-K hybrid was present. 

A different and unexpected picture emerged when analogous 
CD4-heavy-chain hybrids were constructed using the constant 
region of human IgGl heavy chain instead of mouse heavy 
chain. Such hybrids, containing either the first two or all four 
immunoglobulin-like domains of CD4 (named 2y\ and 4yl 
respectively), were secreted in the absence of wild-type or hybrid 
light chains (Fig. 2a). Both 2yl and 4yl could be directly 
immunoprecipitated using Staphylococcus aureus protein A, 
which binds the Fc portion of IgGl, indicating that the protein 
A-binding sites of these constructs are fully functional. Indeed, 
both molecules can be purified to near homogeneity on protein 
A columns (Fig. 26). 

Structure of CD4 immunoadhesins 

We examined the subunit structure of these immunoadhesin 
molecules using SDS-polyacrylamide gels (Fig. 2b). Without 
any reducing agent, the apparent relative molecular mass ( M,\ 
of each construct doubled, demonstrating that both immuno- 
adhesins are disulphide-linked dimers. The hinge region of each 
immunoadhesin contains three cysteine residues, one normally 
involved in disulphide bonding to light chain, the other two in 
the intermolecular disulphide bonds between the two heavv 
chains in IgG. As the molecules are dimers at least one, and 
perhaps all three, of these cysteine residues are involved in 
intermolecular disulphide bonds. We examined the capacity of 
2yl and 4yl to form disulphide links with light chains. When 
an immunoadhesin construct was cotransfected with a light 
chain, the light chain produced could be precipitated by protein 
A. Mutagenic substitution of the first hinge-region cysteine with 
alanine abolished light-chain bonding, but did not affect 
dimerization (data not shown), indicating that this cysteine 
bonds the light chain in these hybrids, as in normal IgG. Thus 
the disulphide bond structure of these immunoadhesins seems 
to be analogous to that of immunoglobulins. 

gpl20 binding 

To determine whether our immunoadhesins retain the ability to 
bind gpl20 with high affinity, and whether the first two 
immunoglobulin-like domains are sufficient, we carried out 
saturation binding analyses with radioiodinated gpl 20. Binding 
is saturable, showing a simple mass action curve < Fig 3a i. The 
dissociation constant ( K a ) for the interaction if each 
immunoadhesin with gpl20, calculated by Scatcharu analysis 
(Fig. 3a, inset), was indistinguishable from that of soluble rCD-* 
(-10'" M) (Table 1). Thus, the N-terminal TO ammo acids oi' 
CD4 are sufficient for high-affinity binding. As the-sc immuno- 
adhesins are homodimeric, they should each have two gpl 20- 
binding sites. We examined this possibility b> coating plastiv 
microtitre wells with gpl20. then adding soluble CD4 or 
immunoadhesins. Both immunoadhesins could bind added 
labelled gpl20. whereas soluble rCD4, with only one gpl- 1 ' 
binding site, could not (J. Porter and S. C . 
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Fig. 2 Expression, secretion and subunit structure of CD4 immunoadhesins and soluble rCD4 a Expression ; 

immunoglobulins, soluble rCD4 and CD4 immunoadhesins expressed in mammalian cells. Cells were transfected with vectors directing the 
lanes k ) or yl -heavy chain (lanes yl) individually or together (lanes k + yl ), vectors encoding soluble 
lanes CD4 : y, > or 4yl (lanes CD4 4 y,). After metabolic labelling with [ 3! S]methionine. 
.lysedby immunoprecipitation. Lanes U, untransfected cells. 6, Subunit structure of secreted CD4 
were purified from culture supematants of transfected cells and analysed by 
e prepared in buffer with 10 mM dithiothreitol (DTT) (reducing conditions) 
ative molecular mass standards are indicated (in thousands). Both immuno- 
ble rCD4 which is monomenc. displayed only a minor change in mobility 



rCD4 (lanes rCD4 
cell supematants a 

immunoadhesins and soluble rCD4. Soluble rCD4, 
electrophoresis on a 7.5% SDS-polyacrylamide gel. Samph 
or without DTT (non-reducing conditions). The positions 
adhesins behaved as disulphide-Iinked dimers; in contrast 
upon reduction of its intra-molecular disulphide bonds. 
Methods, a. Cells were transfected by a modification of the calc 
prepared as described . Immunoprecipitation analysis was carried 
Pansorbin (Calbiochem) was done, and the precipitating antibodie 
heavy and light chains, 0.25 u-g of OKT4A (Ortho) for soluble rCD4, 
Immunoprecipitated proteins were resolved 

purified from transfected cell supematants by protein A affinity chromatography folloi 

proteins were subjected to SDS-PAGE under both reducing and non-reducing condi 



phosphate procedure, labelled with [ 35 S]methi 
as previously described \ with the exception that no preadsorbt! 
:d were 2 jil of rabbit anti-mouse IgG serum (Cappell) for mo 
nd no added antibody (Pansorbin only) for the CD4 
0% SDS-PAGE gels, and visualized by autoradiography. 6, CD4 

ihate precipitati 
visualized by silver staini 
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In vivo plasma half-life 

We examined whether the immunoadhesins share the long in 
vivo half-life of antibodies. Studies of rCD4 in rabbits provide 
clearance data that extrapolate well to other species, including 
humans (J.M., unpublished results). The change in plasma con- 
centration with time for each of the three CD4 analogues in 
rabbits is shown in Fig. 4. Analysis of these data reveals that 
soluble KTD4 has a terminal half-life in rabbits of ~15min, 
whereas 4yl and 2yl have terminal half-lives of ~7 and 48 h, 
respectively (Table 1). Thus the half-life of 2yl in rabbits is 
nearly 200 times longer than that of rCD4 and comparable to 
that of human IgG in rabbits (4.7 days) 24 . The half-life of 2yl 
in humans is expected to be longer than that in rabbits, because 
of the decreased proportional blood flow to eliminating organs 



as species increase in size , and should be comparable with 
that of human IgGl (21 days). 

Our results confirm our initial hypothesis that, as in the case 
of immunoglobulin itself, one can increase the stability of a 
rapidly cleared molecule (Fab or rCD4) by fusing it to a long- 
lived molecule, Fc. The swift clearance of rCD4 is probably 
largely due to its size, M, 55,000, which means it is just small 
enough to be cleared efficiently by renal filtration. One com- 
ponent in the increased half-lives of these molecules is therefore 
probably their larger size; but this cannot be the whole story as 
4yl, although larger than 2-yl, has a shorter half-life. Both 4y 1 
and rCD4, but not 2yl, contain two CD4-derived Asn-linked 
carbohydrate sites which are glycosylated in rCD4 ( R. Harris 
and M. Spellman, unpublished results); these sugar moieties 



Table 1 Properties of CD4 immunoadhesins and soluble rCD4 



gpl20 
binding 
(nM)* 



Blocks 
infectivity 
T cells M0 



* Standard error of the mean was determined using the Inplot and Scatplot programs (see Fig. 3 legend) t Standard deviation indicated m hours 
t Determined in ref. 24 (IgGl has a half-life of 21 days in humans). 
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Fig. 3 Binding properties of CD4 immuno- 

adhesins. a, Gpl20 saturation binding analysis 

of CD4 immunoadhesins. Immunoadhesin pro- 
teins 4 r l (left) or 2y 1 (right) in transfected cell 

supernatants were incubated with increasing 

concentrations of purified soluble rgpl20 (ref 

50) radioiodinated with lactoperoxidase. The 

lines drawn for the binding curves and for the 

Scatchard plots of the data ( shown in the insets i 

represent the best fit as determined by unweigh- 
ted least-squares linear regression analysis. Dis- 
sociation constants calculated from these 
results and from binding studies of gpl20 to 
soluble rCD4 performed in parallel are given 
in Table 1. b. Binding of CD4 immunoadhesins 
to Fcv receptor? on l'<m celK Competition 
binding analysis was carried out by mixing 
0.1 tigmr' of 125 I-labelled human IgGl (Cal- 
biochem) with increasing concentrations of 
purified human IgGl (solid circle), 2yl (solid 
square), 4yl (solid triangle), or solub.c rCD4 
(open circle) proteins. Curves drawn represent 
the best fit as determined by unweighted least- 
squares nonlinear ( IgG 1 , 2 y 1 and 4 y 1 ) or linear 
(rCD4) regression analysis. Dissociation con- 
stants calculated from these results are shown 
in Table 1. c, Clq saturation binding analysis 
of CD4 immunoadhesins. Purified anti-gpl20 
IgG2a mouse monoclonal antibody (solid 
circle), 2y] (solid square), or 4 r l (solid 
triangle) proteins were aggregated by binding 

to gpl20-coupled Sepharose, and incubated o !0-'« o 

with increasing concentrations of purified <cc 
human Clq (Calbiochem) radioiodinated with 

lactoperoxidase. The curve drawn for the anti-gpl20 monoclonal antibody 

the dissociation constant for Clq binding to this gpUO-aggregVed 




Methods, a, Gpl20 saturation binding analysis 

directly onto Pansorbin: binding was comparable to that observed when 
bound * [-labelled gpl20 was determined from the difference in bindi 



represents the best fit as determined by least-squares nonlinear 
— negated anti-gpl20 mAb was ~!.8x 10" 8 M 
is earned out as described except that gpl20-CD4 immunoadhesin complexes were collected 
" " 'exes were collected with OKT4A as for soluble rCD4 Snecifirallv 

""."in uclcnra ™ lrom «ne mrterence in binding in the presence or absence of a l non r„w - r ■ ? i 

rgpl20 and ,« plotted against the total '"i-labelled g P 120 concentranon. b, FcR binding ^^sii wL done «^Ih °u " n ! abelled 

that after centnfugation free IgGl was removed by aspirat.on of the aqueous and oiUayere Mixtures of I ?ZT* d Z * 
CD4 immunoadhesms or soluble rCD4 were incubated with U937 cells (2 x 10* cells pe tube) fo 6 m n a, 4 =C W t k g ° ' a " d ' gG 
by subtracting res.duai nonspecific binding ( <25% of specific binding) which cou.d'no^be competed out by a f oSS fold-," 8 "V " °k 
human IgGl. c, Clq binding analys.s was done essentiaily as described" except that gp!20 coupTJ Uc CN^vie^h,^R°, ^ 1 
was used as the solid support to aggregate CD4 immunoadhesins or the anti-«>120 mouse mTpwL-. ac,lv ated Sepharose6B ( Pharmac.a) 
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sucrose. Specfic bmding was determmed from the difference in binding in the presence or absence of added amihorf^ l 8 
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may facilitate clearance by receptors in the liver. The charge of 
the molecule may also be important, as the CD4 portion of 4-yl 
contributes a net excess of eleven positively charged amino acids 
on 4-yl, but onlv three on 2-yl. This may increase uptake of 
rCD4 and 4-yl onto anionic surfaces, accelerating their clearance 
from the circulation. 

Fc receptor and complement binding 

Two major mechanisms for the elimination of pathogens are 
mediated by the Fc portion of specific antibodies. Fc activates 
the classical pathway of complement, ultimately resulting in 
lysis of the pathogen, whereas binding to cell Fc receptors can 
lead to ingestion of the pathogen by phagocytes or lysis by killer 
cells. The binding sites for Fc cell receptors and for the initiating 
factor of the classical complement pathway, Clq, are found in 
the constant region of heavy chain 26 (the CH2 domain for Clq r 
and the region linking the hinge to CH2 for Fc cell receptors 28 ) 
We aimed to incorporate both of these functions into the 
immunoadhesins. We chose the IgGl subtype to supply the Fc 
domain because IgGl is the best compromise between Fc bind- 
ing, Clq binding, and long half-life. We show below that the 
immunoadhesins bind FcR well, but do not bind Clq. 

Three types of Fc cell receptors are known to be expressed 
on .i variety of leukoevtes Of these FcR!. principally expressed 



on mononuclear phagocytes, is the only one which binds 
monomelic human IgGl with high affinity- 6 . We used competi- 
tion binding analysis with FcRI receptors on the U937 
monocyte/ macrophage cell line to characterize the Fc receptor 
binding of 2vl and 4-yl. Direct satir ■■ion binding analysis with 
human IgGl gave a K a of ~3 x HT* M. In competition bind- 
ing analyses, the two CD4 immunoadhesins, but not rCD4. 
bound to Fc receptors on U937 cells to the same extent and 
with an affinity indistinguishable from human IgGl ( Fig. 3f>. 
Table 1 ). 

We examined the ability of the immunoadhesins to bind to 
the first component of the classical pathway of complement. 
Clq, by saturation binding analysis. Because binding of ClM 
increases with the aggregation state of the antibodv. with J" 
affinity of -10 4 for monomers and ~1CT 8 for tetramers oi 
IgG 26 , we first aggregated the immunoadhesin using gp 1 -° 
linked to Sepharose. As a positive control, we measured C t<f 
binding to an anti-gpl20 mouse IgG2a monoclonal jnttbod>. 
(which like human IgGl binds Clq with high affinity' m re ~ I 
gated by the same gpl20-Sepharose. The affinuv of the mouse 
antibody for Clq determined by Scatchard analvsi- I s " 
I0" s M (Fig. 3c), comparable to that observed for other mouse j 
lgG2a and for human IgGl antibodies. In contract, neither I 



